[1] Discrete injections of energetic electrons and ions and their subsequent drift echoes were observed shortly after 0410 UT on August 27, 2001 by three geosynchronous satellites which were arrayed on the dayside. The GOES-8 spacecraft at geosynchronous orbit near local midnight, the foursatellite CLUSTER constellation also near local midnight. Concurrent and POLAR was at two hours after midnight. The observations from this suite of satellites provide the basis of information and constraints for us to model the particle injections. The simulations with test-particle simulations, reproduce both the observed electron and ion injections and subsequent drift echoes. Our simulation results support the idea that the energetic particle injections into the inner magnetosphere are a consequence of near-Earth magnetic reconnection.
Introduction
[2] Energetic particle (10s -100s keV) injections are characteristic features of substorm onsets. Depending on the local time of the measurement, these injections can appear to be dispersionless, i.e., particle fluxes of different energies are enhanced at the same time. Early studies of the injection signatures observed at geosynchronous orbit [e.g., Mauk and McIlwain, 1974; Konradi et al., 1975; Mauk and Meng, 1983] showed that they could be explained by the socalled ''injection boundary'' model proposed by McIlwain [1974] .
[3] Russell and McPherron [1973] analyzed data from radially displaced satellites and found that a compressed magnetic field configuration associated with a substorm was propagating earthward at a speed of $150km/s between 9 and 6.6 R E . Moore et al. [1981] found dispersionless injections and associated magnetic signatures propagating earthward and they proposed an ''injection front'' model in which an injection corresponds to a compressional wave front that propagates earthward from a disturbance occurring in the magnetotail. Inspired by these results, Li et al. [1998 Li et al. [ , 1999 constructed a time-varying field model to simulate substorm particle injections. The time-varying fields were associated with the dipolarization and propagated toward the Earth at a constant speed. The simulation results, assuming initial kappa distributions with no spatial boundary, showed that dispersionless injections were caused by an electric field and a self-consistent magnetic field that propagate through the plasma, convecting the plasma inward and energizing it. Thus there is no need to invoke an ''injection boundary'' to explain the observed dispersionless injection.
[4] Using CRRES measurements, Friedel et al. [1996] found that dispersionless electron injections reached as far earthward as to L = 4.3. An intriguing feature of such deep penetrating injections is that they could remain dispersionless despite the fact that they travel slowly from geosynchronous orbit to CRRES at an average speed of 24 km/s [Reeves et al., 1996] . Sarris et al. [2002] revised the model of Li et al. [1998] to make the propagation speed of the time-varying fields a function of radial distance. Sarris et al. [2002] reproduced the dispersionless electron injections observed both at geosynchronous orbit and at CRRES with the correct timing and flux enhancements.
[5] Birn et al. [1997 Birn et al. [ , 1998 ] have investigated particle injections using geosynchronous observations and testparticle tracing in the fields generated by a three-dimensional MHD simulation of the magnetotail neutral line formation and dipolarization. Their test particle simulations can explain the initial rise of the particle injection at geosynchronous orbit at different local times near midnight. Furthermore, the MHD simulations show that substorm particle injections into the inner magnetosphere are a natural consequence of near-Earth reconnection. This conclusion was further supported by a more recent statistical study based on energetic particle measurements from fairly closely spaced geosynchronous satellites [Thomsen et al., 2001] .
[6] The work in this paper is motivated by a fortuitous arrangement of Earth-orbiting spacecraft associated with a relatively isolated magnetospheric substorm event on August 27, 2001 [Baker et al., 2002] . of spacecraft were near its apogee ($19R E ) and slightly post-midnight and were near the Z GSM = 0 plane. At $0401 UT, all of the four CLUSTER spacecraft detected negative B Z (southward magnetic field) and strong tailward flows in the plasmasheet that persisted for several minutes [Baker et al., 2002] . About 8 minutes later, GOES-8 spacecraft at geosynchronous orbit near local midnight and at Z GSM $ 1R E measured a clear magnetic field dipolarization, right panel (d) of Figure 1 . Energetic ion injections were first observed at satellite 3, which was closest to midnight at 0411 UT, and were subsequently observed at satellite 2 and satellite 1 as the ions drift westward ( Figure 3) ; Energetic electron injections were detected at satellites 1, 2, and 3 as the electrons drifted eastward (Figure 2 ). Both the injected electron and ion populations were detected more than once by the same satellites. This is shown as multiple peaks in the flux measurements. Such features are referred to as drift echoes. These observations are consistent with magnetic reconnection occurring on the earthward side of the CLUSTER constellation and resulted in magnetic field dipolarization within a limited local time sector [Baker et al., 1996] propagating toward the Earth. Concurrent measurements from POLAR, at X GSM $ À9R E and near 0200 LT and about 2 R E above Z GSM = 0 plane showed little change in the magnetic field and particle flux (data not shown here) between 0400 -0410 UT (left panel (d) of Figure 1 ). GOES-10 at 1900 LT showed no obvious sign of dipolarization (data not shown here).
Observations

Model
[8] Mathematically, in the usual spherical coordinate system (r, q, f), where r = 0 at the center of the Earth, q = 0°defines the equatorial plane and f = 0°is at local noon, positive eastward, the electric field is given by:
where x = [r À r i + v(r) (t À t a )]/d determines the location of the maximum value of the pulse; v(r) = a + br is the pulsefront velocity as a function of radial distance r; d is the width of the pulse; c 1 (> 0) and p(> 0) describe the local time dependence of the electric field amplitude, which is largest at f 0 ; t a = (c 2 R E /v a ) (1-cos(f À f 0 )) represents the delay of the pulse from f 0 to other local times; c 2 determines the magnitude of the delay, v a is the longitudinal propagation speed of the pulse (assumed constant) and r i is a parameter in the simulation that determines the arrival time of the pulse. In this report we present results with f 0 = 160°,
8 m (after numerous runs, these parameters seemed to give the best results).
[9] Modeled fields E f and B Z are plotted as a function of time and at locations of POLAR and GOES-8 in Figure 1 . It should be noted that our model fields are only applicable at the magnetic equator, while both POLAR and GOES-8 were off the magnetic equator. Nonetheless, the model perturbation field, in terms of initial rise time and magnitude, is consistent with the measurements, including GOES-10 measurements (not shown).
[10] We superpose this time-varying field on the background magnetic field and follow the particles using a relativistic guiding center approximation for particles with v k = 0, [Northrop, 1963; Li et al., 1993] .
Results and Discussions
[11] We followed 500,000 electrons and 750,000 protons as they drifted on the equatorial plane in the combined pulse and background fields, recording their energy, arrival time, and radial distance as they passed various local times as well as their corresponding initial conditions. Both electrons and protons were initially distributed randomly in radial distance between 4 and 14R E and at all local times in the equatorial plane. The initial energies start at 6 keV with a 5% increment, up to 361 keV for electrons and up to 418 keV for protons. In the post-processing stage, each particle is given a weight based on its initial position and energy to represent its contribution to the initial distribution. The initial energy distribution was a kappa distribution [Vasyliunas, 1968] with k = 1.8 and E 0 = 0.5 keV for electrons and k = 2.7 and E 0 = 2.5 keV for protons. These parameters are typical for a moderately active plasma sheet [Christon et al., 1991] and similar to the ones used by Birn et al. [1997 Birn et al. [ , 1998 ]. The initial particle distribution matches well the measurements at geosynchronous orbit before the injections, as shown in Figures 2 and 3 . The initial radial dependence was given by
where a 0 = 3, nl = 4, ml = 10, a 0d = 6 for both electrons and protons. For protons, another factor is added:
when r 0 is greater than 9.5 R E .
[12] Thus, given an initial particle distribution, we can obtain particle fluxes and distributions at any location and time and can compare the simulation results with the LANL observations. The particle fluxes were summed over ±0.4 R E at r = 6.6 R E and plotted with a time resolution of 60 sec for protons and 90 sec for electrons. There are no new injections in the simulation.
[13] Figure 2 displays a comparison of energetic electron injections observed by LANL sensors (omni-directional) on three satellites at geosynchronous orbit with a time resolution of 10 sec [Belian et al., 1992] and the simulation, in which the detectors' response has been incorporated. The dispersion feature, drift echo, the width and shape of the fluxes are more or less reproduced. The electrons in the simulation seem to drift faster and more coherently than the measurements since we only trace 90°pitch angle particles at magnetic equator in the simulation. The simulated electron enhancements fall off more rapidly than those in the observations. This is because of the rapid falloff B z in the model as compared to the observations (panel (c) and (d) of Figure 1 ), which is also the reason for the more rapid falloff of the simulated proton enhancements to be discussed below.
[14] Figure 3 shows a similar comparison but for protons (most ions are protons for this event [Baker et al., 2002] ). In the simulation, the identical model field is used but the initial particle distribution is different from the electrons, as described earlier.
[15] Figure 4 shows the profile of initial positions of particles that are injected into geosynchronous orbit. For a given energy channel each bar represents the percentage of all recorded particles that came from the corresponding distance. Bars are plotted every 0.5 R E in L, and the sum of all bars for each energy channel equals one, or 100%. The extent of the region is different for each energy channel but all of them are continuous, and no particles initially located beyond 11.5 R E can be brought to geosynchronous orbit in the simulation. The first adiabatic invariant, m, is conserved in the model. In the real situation, the magnetic field configuration can be much more complicated, m may not remain as a constant in large L, especially in the case of highenergy ions. Nonetheless, a charged particle always gains energy when it is brought from a weaker field region to a stronger field region, vice-versa. It should also be noted that our background magnetic field is a dipole, B E $ 1/r 3 and that the real magnetic field does not decay as fast versus distance. Thus, to gain the same amount of energy, the injected particles measured at geosynchronous orbit may need to come from even farther away than Figure 4 suggests.
[16] The measured proton fluxes have multi-peaks during the initial injection while measured electrons do not, see Figures 2 and 3. The simulated injections do not show any multi-peaks during the initial injection for both protons and electrons. It is known that the multi-peak feature during the initial injection can be due to the nonuniform distribution of the source population [Li et al., 1998 ]. Thus, it seems that the actual source protons in the plasmasheet were not uniform and were more dynamic than the source electrons.
[17] In the simulation, it takes about 8 min for the pulse field to propagate from 18 to 6.6 R E , which is consistent with the time delay of $8 min between the measured dipolarization at GOES-8 and the magnetic reconnection detected by CLUSTER [Baker et al., 2002] . However, our test-particle simulation cannot address the initiation of substorms. There is still some uncertainty regarding exactly when the dipolarization, such as modeled here, is initiated and how fast it propagates toward the Earth given that a magnetic reconnection onset takes place in the tail.
[18] When a given satellite measures the first injected particles depends on: (1) relative position to the injection site, (2) particle species (electrons and ions drift in opposite directions), and (3) particle energy (gradient-B drift is energy dependent). In order to reproduce the injections of both protons and electrons measured by three satellites at geosynchronous orbit, we have tried to place the pulse field coming at different local times and at the same time keeping the magnetic field matching observations at GOES-8, GOES-10, and POLAR. We found that having the pulse coming toward the Earth at 2240 LT, f 0 = 160°, gives the best results. When the pulse was coming at 0200 LT, the initial rise of the highest electron channel (225 -315 keV) was $4 min ahead of the one presented in Figure 2 and the initial rise of the highest proton channel (250-400 keV) was delayed by $3 min compared to the one in Figure 3 . We also located the pulse at 2120 LT and then the highest electron channel was delayed $2 min while the highest proton channel was $1.5 min ahead. Also observations at GOES-8, GOES-10, and POLAR put a strict restraint on local time dependence of the pulse (parameter p in equation (1)).
[19] On the other hand, CLUSTER clearly detected the magnetic reconnection signature when it was nearly post midnight [Baker et al., 2002] , which suggests that reconnection extends over a large local time in the middle magnetotail and the pulse field associated with the reconnection is still limited in local time when reaching near geosynchronous orbit.
Conclusions
[20] The essence of our model is the following: Associated with the dipolarization, there is an inductive electric field, pointing predominantly westward, which will transport particles toward the Earth via E Â B drift and energize them via betatron acceleration, which leads to the observed injections. This model has been used to simulate energetic particle injections associated with substorms [Li et al., 1998; Sarris et al., 2002] .
[21] The major results are: (1) there are more observational constraints on the model perturbation fields; (2) both the electron and proton injections and subsequent drift echoes are reproduced. These results further demonstrate the merit of the model.
[22] Our simulation results also support the idea that energetic particle injections into the inner magnetosphere are a consequence of near-Earth reconnection as interpreted by Baker et al. [2002] .
